In this paper, we study the production of isolated-photon plus a jet in pp and P bP b collisions, which can be used as an important probe to the jet transport property in quark gluon plasma created in heavy ion collisions. Normally, there are two types of observables associated with the production of isolated-photon plus a jet, namely, the azimuthal angular correlation and the transverse momentum imbalance. To understand both observables in the full kinematical region, we need to employ the perturbative QCD calculation, which takes into account the hard splitting of partons, together with the Sudakov resummation formalism, which resums soft gluon splittings. Furthermore, by introducing energy-loss into the system, we calculate the enhancement of the momentum imbalance distribution for AA as compared to pp collisions and make predictions for future unfolded experimental data. In addition, in order to extract the jet transport coefficient more precisely in our numerical calculation, we also distinguish quark jets from gluon jets, since they interact with quark gluon plasma with different strengths. This work provides a reliable theoretical tool for the calculation of the gamma-jet correlation, which can lead us to a more precise extraction of the jet transport coefficient in relativistic heavy-ion collisions.
are far away from being back-to-back, the configuration is better described by perturbative QCD calculations of partonic matrix-elements as demonstrated in Refs. [31, [41] [42] [43] . When a pair of particles (e.g., an isolated-photon and a quark) is produced in a 2 → 2 hard collision, their transverse momenta are balanced. In other words, the sum of their transverse momenta is zero due to momentum conservation. The momentum imbalance is mainly due to additional gluon branching in QCD, which can either occur before or after the hard collision. One can cast the gluon branchings into two categories, namely the soft branching and hard branching. Strictly speaking, the separation of these two categories is not distinct. Nevertheless, we can separate them by comparing the momentum imbalance q ⊥ to the jet transverse momentum p ⊥J ∼ p ⊥γ (or the isolated-photon transverse momentum). If the resulting momentum imbalance q ⊥ is much less than p ⊥J , we can say it is a soft branching. If q ⊥ ∼ p ⊥J , it is considered as a hard branching. It is safe to say that the dominant contribution to the almost back-to-back configurations is the soft gluon branching. In contrast, the hard branching is much more efficient way to give the measured pair a large angle deflection. In terms of QCD calculations, the soft branchings can be approximately formulated into parton showers in Monte Carlo simulations in momentum space or taken into account by the Sudakov resummation formalism in coordinate space, which resums multiple soft gluons emissions. As to the hard branching, we still need to rely on a more complete evaluation of Feynman diagrams in terms of pQCD expansions. In fact, for each step of hard branching, one pays a price of α s in QCD and goes up one more order in pQCD calculations. Therefore, as far as the momentum imbalance and the angular correlation are concerned, we need to employ both the Sudakov resummation formalism and pQCD calculations in order to understand them in full phase space [31] .
At RHIC, using leading hadrons as surrogates of jets, the study of isolated-photon and jet correlations is pioneered by some early work on photon-hadron correlations [44] [45] [46] [47] [48] [49] [50] [51] . In the era of the LHC, most of the previous theoretical studies [52] [53] [54] [55] [56] of isolated-photon (or vector boson) and jet correlations are based on Monte Carlo (MC) simulations of parton showers (PS), since the dominant contribution comes from the back-to-back photon-jet configurations. In the back-to-back region, the main source of transverse momentum imbalance is due to multiple soft branchings as mentioned earlier. However, soft radiations may not be a sufficient way to get large momentum imbalances. With one step of hard branching, we can easily obtain a significant momentum imbalance between the isolated-photon and measured jet. In addition, parton showers ignore quantum interference between scattering amplitudes. It is reasonable to expect that, after a large number of soft branchings, the quantum interferences of matrix-elements is negligible and the factorisation of soft gluons from the lowest order hard part is safe, but the parton showers on top of the lowest order calculations often become insufficient for a lot of observables at the LHC (e.g., the x Jγ distribution when it is away from 1).
On the other hand, one can use the MC matrix-element event generator such as "JETPHOX" [57, 58] to compute the so-called next-to-leading (NLO) matrix element (up to 2 → 3 processes) for photon productions 1 , as first studied in Ref. [59] . However, this approach only has a few particles in the final state and it does not take into account the parton shower effect, which is indispensable to describe the back-to-back configurations.
These two approaches are complementary to each other in modern high energy physics research. The efforts of merging higher-order matrix-element event generator and parton showers have attracted a lot of attention in the development of MC generators recently (e.g., POWHEG [60] ). In this work, without using MC generators, we adopt a physically equivalent theoretical framework, which also takes into account both higher order matrix-elements in pQCD and parton showers (in terms of Sudakov resummations). For the calculation of photon-jet correlations considered in this paper, by computing 2 → 3 matrix elements and employing Sudakov resummation formalism, we can achieve the same NLO accuracy as the modern MC generators. Furthermore, for dijet productions, as shown in our last paper [31] , we have reached NNLO accuracy in terms of dijet asymmetries, which outperforms the NLO MC generators.
In this paper, following the formalism developed in Ref. [31] , we present the a systematic investigation of photon-jet correlations based on pQCD calculations supplemented with the Sudakov resummation in the soft gluon region as the baseline calculation in pp collisions. The result for angular correlations is in agreement with both ATLAS and CMS data, while the result for the x Jγ distribution clearly differs from experimental data. The latter case is due to the fact that the x Jγ distribution is sensitive to detector effects which have not yet been removed from the current experimental data. Interestingly, we discover that our results for the x Jγ distribution coincide with the Monte Carlo results [61] obtained by using POWHEG+PYTHIA. This is expected, since the basic ingredients of POWHEG and our Sudakov resummation improved pQCD framework are the same, as far as the x Jγ distribution is concerned. To compare with the ATLAS data, we employ a smearing function within the given range of the ATLAS correction to mimic the detector response on top of our pp calculation, and we found excellent agreement with the ATLAS data. In the end, when the energy loss effect based on the BDMPS formalism is implemented, we find the transport coefficient
2 /fm for P bP b collisions at the LHC at 5.02TeV.
II. ISOLATED-PHOTON AND JET AZIMUTHAL ANGULAR CORRELATION
In this study, we will investigate both the azimuthal angular decorrelation and momentum imbalance of isolatedphoton tagged jets, and study energy-loss effect of final state jets. By extending our previous formalism of the Sudakov resummation improved perturbative QCD approach, we can provide a much more quantitative analysis on the gamma-jet angular correlation, and make relevant prediction on the unfolded momentum imbalance distribution.
In this section, we will investigate the azimuthal angular decorrelation between the triggered photon and the associate jet, namely the ∆φ = |φ γ − φ J | distribution. This is also important in understanding the transverse momentum broadening effect of the QGP medium. We begin by writing the differential cross-section of the angular distribution in the Sudakov resummation formalism as follows
p ⊥γ dp ⊥γ p ⊥J dp ⊥J dy γ dy J db
where J 0 is the Bessel function of the first kind, q ⊥ is the transverse momentum imbalance between the photon and the jet q ⊥ ≡ p ⊥γ + p ⊥J , which takes into account both initial and final transverse momentum kicks from vacuum Sudakov radiations and medium gluon radiations. Here we define x a,b = max(p ⊥γ , p ⊥J )(e ±yγ + e ±y J )/ √ s N N as the momentum fraction of the incoming parton a, b from the parent nucleon. f a,b (x, µ b ) are the parton distribution functions (PDFs) of the incoming parton, and dσ/dt is the leading order partonic cross-section. In this study, the cross-section comes from the sum of gq → γq and→ γg sub-processes. Since the Sudakov soft gluons can be radiated from both the incoming and outgoing hard partons, it is impossible to distinguish individual contributions to the momentum imbalance q ⊥ . An attempt to approximate and reconstruct the incoming partonic information is to calculate the momentum fraction x a,b and the Mandelstam variables s, t, u using the maximum outgoing particle p ⊥ as above. The vacuum Sudakov factor S pp (Q, b) is defined as
where the perturbative S P Sudakov factor depends on the incoming parton flavour and outgoing jet cone size. The perturbative Sudakov factors can be written as [35] [36] [37] 
At the next-to-leading-log (NLL) accuracy, the coefficients can be expressed as A = A 1
, with the value of individual terms given by the following table, where both A and B terms are summed over the corresponding incoming parton flavours.
Here C A and C F are the gluon and quark Casimir factor, respectively. β = 
represents the jet cone-size, which is set to match the experimental setup. The implementation of the non-perturbative Sudakov factor S N P (Q, b) follows the prescription given in Refs [62, 63] . In the Sudakov resummation formalism, following the usual b * prescription, the factorization scale is set to be
−γ E and b max = 0.5GeV −1 which is chosen to separate the perturbative region from the non-perturbative region. The strong coupling runs with the hard scale Q 2 = x a x b s. As suggested in Ref. [64] , the Sudakov effect is dominated by perturbative contributions and insensitive to the choices of non-perturbative parts, when the hard scale Q is sufficiently large. We have also confirmed this in our numerical calculation.
For AA collisions, by adding additional transverse momentum broadening due to the interactions between QGP and outgoing jets as suggested in BDMPS formalism, one can simply adopt the following form of the Sudakov factor,
whereq R =orq g corresponds to quark and gluon jets transverse momentum broadening, respectively. One can relate them asq g = C A C F. The above expression separates the medium broadening effect from the vacuum Sudakov effect. This is due to the fact that both effects have well-separated regions in their phase space integral which contribute differently to the transverse momentum broadening effects [38, 39] .
As to direct photon productions in the pQCD framework [65] , we use the results computed from 2 → 3 matrix elements in Refs. [66, 67] to compute the productions of the isolated-photon plus a jet
The correlation is normalized by the LO (2 → 2) inclusive isolated-photon cross section as common practices. In pQCD framework, it is the third unobserved particle X which provides the momentum imbalance between the isolated-photon and the measured jet. The corresponding isolation cut around the isolated-photon has been applied to the calculation to match the data selection of ATLAS and CMS experiments. In spite of strong dependence on the choice of scales µ in pQCD calculations, we find that our results give nice agreement with experimental data when we set µ = Q, which is the most obvious choice. When ∆φ = |φ γ − φ J | is sufficiently away from π, the momentum of X is sufficiently large to ensure the calculation is indeed perturbative. However, when ∆φ ∼ π which implies the isolated-photon and the measured jet are back-to-back, the third unobserved particle X becomes soft which introduces large Sudakov type logarithms. Therefore, the Sudakov resummation must be employed to regain the predictive power in QCD. We would like to emphasize that the normalization of pQCD calculation is carried out in the sense of perturbative expansion following the convention in Refs. [31, [41] [42] [43] . Here we use the LO 2 → 3 results for angular correlation as the numerator, and use the LO 2 → 2 results for inclusive total cross section as the denominator to obtain the 'normalized' pQCD ∆φ distribution. One should keep in mind that 2 → 2 process is discarded as far as angular correlations are concerned.
By calculating the photon-jet angular correlations in both the pQCD framework and Sudakov resummation formalism, we can plot the normalized ∆φ distribution and compare them with the ATLAS and CMS data [68] [69] [70] [71] as shown in Fig. 1 . This normalized distribution is known to be insensitive to hadronization corrections and the underlying event [43] . In addition, since we also integrate over a large range of transverse momentum, the ∆φ distribution seems to be insensitive to the detector effects as well. Let us first pay attention to the LO pQCD calculation for the angular correlation (2 → 3 processes). In the large deflection angle region where ∆φ is away from π, the pQCD results describe all the experimental data well. As expected, the pQCD calculation clearly diverges in the region near ∆φ = π, while the Sudakov resummation converges to a finite value. This is mainly due to the fact that the Sudakov type logarithms
become very large in the back-to-back region, which makes the naive perturbative expansions inadequate to describe this region. As a result, we find that the Sudakov resummation results describe the back-to-back region very well.
We have also examined the angular correlations with the additional medium transverse momentum broadening due to QGP medium. We also found almost identical curves for the results in pp and P bP b collisions even witĥL ∼ 20GeV
2 . This is consistent with all the experimental results at the LHC [68] [69] [70] [71] , in which essentially no difference is observed in the back-to-back region between the angular correlation data collected in pp and P bP b collisions. As first quantitatively pointed out in Ref. [38] , this is due to the fact that the vacuum Sudakov effects in pp collisions are so overwhelming in the LHC kinematics that the QGP medium transverse momentum broadening effects are simply negligible. Nevertheless, at lower collision energies such as at RHIC kinematics, the magnitudes of both vacuum and medium effects are of similar order and thus, a significant medium broadening could be observed. We also note here the jet energy-loss effects do not change the azimuthal angular distribution much. In contrast, the medium energy loss effect plays an important role in the transverse momentum imbalance calculation as shown below.
III. PHOTON-JET MOMENTUM IMBALANCE
Similar to the findings in the dijet productions, the momentum imbalance measurement, which is known as the dijet asymmetry, is prone to a significant modification due to QGP medium effects. Let us now consider the gamma-jet momentum imbalance distribution, which is characterized by the variable x Jγ ≡ p ⊥J /p ⊥γ . In our previous study of dijet asymmetries [31] , we have shown that the dijet asymmetry ratio in perturbative calculations obeys a distribution bound depending on the number of final state particles produced. The gamma-jet momentum imbalance does not follow such bound since the photon and jet transverse momenta are not ordered.
Note that Sudakov resummation alone does not give a good description of the x Jγ distribution, since a large region of the distribution (away from the region x Jγ ∼ 1) is dominated by the perturbative QCD calculation. Thus both pQCD and Sudakov formalism should be used. By implementing the resummation improved pQCD approach developed in Ref. [31] , we can compute the gamma-jet momentum imbalance distributions as follows
where the momentum imbalance in the so-called 'improved' approach is computed as the overlay of the pQCD results and Sudakov resummed results, which are defined as
To match the Sudakov resummation to the pQCD calculation, we first cut the phase space into two regions, namely, the ∆φ < φ m part and φ m < ∆φ < π part. When ∆φ is smaller than the matching point, where φ m = 2.9, we apply the perturbative QCD calculation. In the φ m < ∆φ < π region, Sudakov resummation gives precise description on the angular distribution. Nevertheless, to compute the x Jγ distribution, we need to further impose a cut on q ⊥ < q cut so that we can make sure that the prerequisite q
⊥ is satisfied for all the events the φ m < ∆φ < π region calculated in terms of the Sudakov resummation. Note that if q 2 ⊥ ∼ P 2 ⊥ , the Sudakov resummation is no longer applicable. Therefore we further separate the phase space into large q ⊥ part and small q ⊥ part. The Sudakov resummation is turned on only at small q ⊥ region. When q ⊥ is larger than the semi-hard scale q cut , which is chosen as p ⊥γ /4, we employ the pQCD calculation again. We would like to emphasize here that the hard scale can not be very small. Otherwise the double logarithm ln 2 Q 2 q 2 ⊥ will break the perturbative expansion. As long as the scale is reasonably large enough, the finally result will not strongly depend on the choice of q cut .
Second, if we compare our results in pp collisions with the ATLAS experimental data directly as shown in Fig. 2 , we find that our calculation is a bit far away from the data, especially for the high p ⊥γ bins. Nevertheless, this never means that our QCD calculation is inadequate to describe the momentum imbalance data. As a matter of fact, we believe that the discrepancy is mainly due to the fact that all the experimental data in this type of measurement has not been fully corrected. Unlike the angular correlation measurement, the momentum imbalance measurement requires precise knowledge of jet energy which suffers a lot from effects of detector response and underlying events. It is well-known that the so-called unfolding procedure has to be applied to the data analysis to obtain the fully corrected data. A clear indication would be that for pp collisions without medium effect, the x Jγ distribution should peak near 1 compared with the ATLAS data taken from Ref. [70] . The cuts on the isolated photon is set to be the same as the ATLAS data selection. In order to compare with the ATLAS data with the same bin selection, we have removed all events with xJγ smaller than the minimal xJγ bin chosen in Ref. [70] .
1 with the dominant effect coming from back-to-back configuration, where both photon and jet carry equal magnitude of p T according to the transverse momentum conservation. However, without the process of unfolding, the detector picks up both p T with some uncertainty, this causes bin migration to small x Jγ and results in a shift of the overall distribution. There is a very interesting example in dijet productions which illustrates how important these unfolding corrections are. As demonstrated in Ref. [72, 73] , ATLAS collaboration has successfully unfolded their data in the dijet asymmetry measurement and found that the uncorrected data underestimates the asymmetries in the back-toback region by a large extent. We also found that very good agreement between our theoretical calculation [31] and unfolded dijet asymmetry data in our latest work. The situation in the isolated-photon and jet momentum imbalance measurement is quite similar, and the same pattern of change to the data is expected to occur. In the end, we believe that the agreement between our results given in terms of solid curves and experimental data will be significantly improved, once the unfolding procedure is carried out 2 . Therefore, based on the current available data, we will proceed as follows. On one hand, we provide our original results for pp and P bP b collisions, which should only be compared with the fully corrected data in the future. This serves as our predictions based on QCD calculations and modelling of QGP. On the other hand, as a temporary solution, we convolute our results for pp collisions with a one-dimensional Gaussian smearing function as follows dσ smeared dp
dσ dp ⊥J p ⊥J =p ⊥J +E .
E = 0.03p ⊥J and ∆ = 0.13p ⊥J . Another equivalent way to parametrize the smearing is dσ smeared dp ⊥J = dr √ 2πσ e − (r−r) 2 2σ 2 dp ⊥J δ(p J − rp ⊥J ) dσ dp ⊥J = dr √ 2πσ e − (r−r) 2 2σ 2 1 r dσ dp ⊥J p ⊥J =p ⊥J /r .
withr = 0.97 and σ = 0.13. This corresponds to a value of 3% for the jet energy scale and a value of 0.13 for the jet energy resolution, which are fully in agreement with the values used in the ATLAS unfolding analysis [74, 75] . Using the above smearing function, we are able to describe the measured pp data quite well as shown Fig. 2 . We see that the gamma-jet momentum imbalance distribution has a very clear peak at x Jγ ∼ 1 and an exponential tail in the x Jγ > 1 region. Interestingly, a shoulder starts to develop in the vicinity of the x Jγ ∼ 0.5 region mostly due to pQCD contributions. For example, it is likely that a direct photon can be produced in an event accompanied by two qualified jets which pass the analysis selection criteria in high energy collisions. The shoulder is generated since both jets are taken into account when x Jγ is measured. Due to the presence of 30GeV p ⊥ cut on jets, it only becomes visible when the transverse momentum of direct photon becomes large enough.
Furthermore, as shown in Fig. 3 , we compared our results with the Monte Carlo results obtained by using the combination of POWHEG+PYTHIA [61] , and found excellent quantitative agreement. This indicate that our calculation for pp collisions without any smearing is equivalent to a NLO Monte Carlo generator. In contrast, we found that our pp results can not reproduce the CMS pp data[69] unless we use very large shift (∼ 11%) for the jet energy scale in Eqs. (7, 8) , which moves the curves to the left significantly. Similar pattern has also been found for the comparison with the data from Refs. [69, 71] . Therefore, we leave the comparison with CMS data for a future study.
IV. PHOTON AND JET TRANSVERSE MOMENTUM IMBALANCE IN P bP b COLLISIONS
We embed our pp baseline calculation in a realistic modelling of the QGP medium created in heavy ion collisions at the LHC energies. The medium profile includes the collision geometry effect and the space-time evolution of QGP from the OSU (2+1)-dimensional viscous hydrodynamical evolution [76, 77] . According to the location of the hard scattering and the momentum orientation of jets, we can compute the energy loss for jets based on the length and temperature of the traversed QGP medium. In addition, we assume the following temperature scaling ofq according to dimensional analysisq =q 0 T 3 (r, τ )/T 3 0 , with T 0 = 509 MeV, which corresponds to the temperature in the center of the QGP medium for 0 − 10% centrality P bP b collisions at √ s = 5.02A TeV.
Following Ref. [78] , the distribution of energy loss in the BDMPS formalism can be approximately written as
where ω c ≡ q R (τ )τ dτ and α ≡ 2αs(µ 2 r )C R π with C R = C F (N C ) for quark (gluon) jets.q R is defined as the transverse momentum broadening for different species of partons where=q andq g = C A C Fq . The strong coupling α s is set to 0.2 in Eq.(9) at typical value of µ 2 r ∼qL ∼ 10 GeV 2 . In reaching this relatively simple formula, the medium induced gluon emission is assumed to be soft. Eq. (9) gives the typical amount of energy loss of 2α 2 ω c ∼ 4GeV if we take medium length L = 2fm andq = 6GeV 2 /fm. As long as 2α 2 ω c is much smaller than the jet energy, the soft gluon approximation should be valid. 1 compared with the ATLAS data taken from Ref. [70] . The cuts on the isolated photon is set to be the same as the ATLAS data selection. In order to compare with the ATLAS data with the same bin selection, we have removed all events with xJγ smaller than the minimal xJγ bin chosen in Ref. [70] . The curves and data for pp collisions are normalized to unity, while the P bP b data are scaled by the same normalization factor as for the pp data to preserve the information of suppression due to energy loss effects. In addition, to more precisely study the jet transport coefficient, we need to distinguish quark jets from gluon jets, since theq for gluon jets is c −1 times of theq for quark jet due to larger color factors, which means gluon jets tend to lose more energy than quark jets. In both pQCD and Sudakov resummation calculations, we can separate quark jets from gluon jets and assign different amount of energy loss accordingly. As compared to dijet productions, it is much easier to separate flavour of jets in isolated-photon-jet productions, due to simpler final states.
Based on the smeared pp baseline, we add the energy loss effects in order to describe the data in P bP b collisions, and find thatq 0 = 2−8GeV
2 /fm at √ s = 5.02A TeV, as shown in Fig. 4 . The above extracted range ofq 0 is consistent withq 0 = 2 − 6GeV 2 /fm at √ s = 2.76A TeV from the dijet asymmetries studies [31] . It is quite reasonable to find that the typical value ofq becomes slightly larger at higher collisional energy due to roughly 6% increase in the initial temperature from √ s = 2.76A TeV to √ s = 5.02A TeV. We see that the curves and data both show a shift towards smaller value of x Jγ , and an overall suppression of the distribution. This suggests that jets lose a visible amount of energy due to their interaction with the medium which causes the shift. In addition, due to the lower cut on the jet transverse momentum, there are less jets above the cut after passing through the QGP medium, which is the main reason for the suppression. In addition, in Fig. 5 , we also compare our calculation with the unfolded data from the ATLAS collaboration at √ s = 2.76A TeV. We find that our results for pp collisions qualitatively agree with the results obtained from PYTHIA plus data overlay. The suppression in the x Jγ distributions in P bP b collisions also suggests a similar range for the transport coefficientq 0 .
In the end, we would like to make a few comments on the phenomenological study in general. First of all, by 8. This prediction should be compared with the fully corrected experimental data. There seems to be some excess in the small xJγ region, which is sensitive to the pT cut of jets.
comparing the smeared pp and P bP b data, we can see that the x Jγ distributions suggests that this distribution is shifted towards small x Jγ and suppressed due to energy loss effects. Second, since the current data still have large error bars, which make it impractical to do χ 2 fits, future additional and more precise measurement can help us obtain more accurate value ofq and understand the energy loss mechanism. Last but not least, we also provide our prediction for the x Jγ distributions in both pp and P bP b collisions as in Fig. 6 , which can be compared with the unfolded ATLAS data at √ s = 5.02A TeV once it becomes available. The importance of unfolding of data is that it gets rid of a lot of detector effects and make the difference between pp and P bP b collisions more prominent. This can lead us to a more profound and precise understanding of the energy loss in QGP.
V. CONCLUSION
In conclusion, we have calculated the gamma-jet azimuthal angular distribution for both pp and AA collision at LHC kinematics. We find that the pQCD calculation can well describe the experimental data when ∆φ is away from π, while the Sudakov resummation formalism gives a nice agreement with experimental data in the back-to-back region. Furthermore, by extending the so-called Sudakov resummation improved pQCD calculation originally developed for dijet productions, we can also compute the distribution of the isolated-photon and jet momentum imbalance x Jγ . Due to current limitation of data, which have not been fully corrected, we view our results as the predictions based on QCD and energy loss models for future unfolded data. In addition, we employ a Gaussian smearing function to mimic various detector effects, and match to the pp data, which allows us to use it as a baseline to study the energy loss effects in the P bP b collisions. In the end, the x Jγ distribution allows us to estimate the amount of energy loss due to QGP medium at the LHC energies.
